The synthesis and characterization of N-methacryloyl-L-tyrosine methyl ester (3a) and ethyl ester (3b), and their acetyl derivatives O-acetyl-N-methacryloyl-L-tyrosine methyl ester (4a) and ethyl ester (4b) are described. Monomers 3 and 4 were complexed with RAMEB (randomly methylated ß-cyclodextrin) yielding water soluble host-guest complexes 5a-d. The radical polymerization of monomers 3 and 4 was investigated in the presence as well as in the absence of RAMEB in aqueous medium at room temperature and also at 60°C. It is shown that the polymerization tendency of complexes 5a-d at room temperature is lower, leading to polymers of higher molecular weight, compared to the free monomers 3 and 4. Furthermore, the polymerization of monomers 3 and 4 was carried out in homogenous organic solution using 2,2'-azoisobutyronitrile as initiator, and the results are discussed.
Introduction
Cyclodextrins (CDs) and their chemically modified derivatives attract rapidly increasing attention in a large number of applications, e.g., food chemistry as well as pharmaceutical and cosmetic industries, since they are commercially available on a large scale [1] [2] [3] [4] . CDs are obtained by modification of starch via degradation of helical polysaccharides into ring shaped molecules. They are cyclic oligomers consisting of 6 (α), 7 (β) and 8 (γ) glucopyranose units of 1,4-linked glucose. Due to their polar hydrophilic outer shell and relatively hydrophobic cavity, they are able to build up host-guest complexes by inclusion of suitable hydrophobic molecules. The formation of an inclusion complex leads to a significant change of solubility and reactivity of the guest molecule. Thus, water insoluble molecules may become completely water soluble simply by mixing with an aqueous solution of cyclodextrins or their derivatives. Hydrogen bonds or hydrophobic interactions are responsible for the stability of the host-guest complexes.
In polymer chemistry, cyclodextrins were used to prepare different kinds of mainchain and side-chain polyrotaxanes [5] [6] [7] [8] . We have recently investigated the radical polymerization of water soluble complexes of hydrophobic monomers (e.g., methacrylic derivatives) with methylated cyclodextrin in water [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In all cases, relatively high polymerization rates and high molecular weights were observed in the presence of cyclodextrin derivatives. Up to now, the preparation of chiral phenolic monomers bearing a polymerizable methacrylic function and their polymerization in water has not yet been published. The present paper describes the preparation of 1:1 RAMEB (randomly methylated ß-cyclodextrin) complexes of L-tyrosine derivatives and their free radical initiated polymerization in water.
Results and discussion

Monomer synthesis and complexation
N-Methacryloyl-L-tyrosine esters 3a and 3b were prepared by reacting trimethylsilylprotected L-tyrosine esters 1a and 1b with methacryloyl chloride 2. The silyl groups were simply removed by hydrolysis. The synthesis of acetyl derivatives 4a and 4b was carried out by the reaction of 3a or 3b with acetyl chloride in the presence of triethyl amine (Scheme 1). The monomers were characterized by 1 H NMR, IR spectroscopy and X-ray analysis (Fig. 1 (2) of cyclodextrin. Additionally, the aromatic proton in ortho position to OH groups of 3b interact with the methoxy groups OCH 3 (6) of cyclodextrin. The cross peaks of the protons at the vinyl double bond (H a , H b and the methyl groups) and cyclodextrin are also smaller in comparison to the aromatic protons. The 2D-NOESY-NMR spectrum of 5b (Fig. 3b) confirmed the strong interaction of the aromatic protons H d with OCH 3 (6) of the host compound. No cross peaks in the 2D-NOESY spectrum were found for the vinyl groups. According to the 2D-NMR spectra, it can be concluded that the aromatic moiety is located at the smaller part of the cyclodextrin torus. Additional X-ray analyses would be necessary in order to be able to determine the structure of the host-guest complex. So far we
have not yet been able to grow a single crystal of this host-guest complex.
Radical homopolymerization
The host-guest complexes 5a-d were polymerized in aqueous medium at various temperatures. At first, the radical polymerizations of the water soluble complexes 5a-d were intended to be carried out in water at room temperature (20 -21°C) in the presence of a redox initiator. Surprisingly, the expected formation of polymeric precipitate was not observed during decomposition of the initiator. The reaction mixture remained clear for up to five days. This observation suggests that, at ambient temperature, a stable host-guest complex of the monomers exists, wherein the vinyl groups are preferentially located in the center of the cyclodextrin cavity. The voluminous L-tyrosine guest molecules form very stable complexes with cyclodextrin, which leads to a decrease in mobility. Due to these reduced dynamics, the free radical reaction with the double bond is hindered. Scheme 2. Radical polymerization of free monomers 3a, 3b, 4a and 4b as well as RAMEB-complexes 5a-d
At higher temperature (above 40°C) the mobility of the guest monomer is increased, which leads to rapid polymerization of the water soluble complexes 5a-d in aqueous medium (Scheme 2). During the polymerization, precipitation of the corresponding water-insoluble polymers 6a-d was observed from the first stages of the reaction. The polymers could be separated simply by filtration. It was proved by 1 H NMR spectroscopy and size exclusion chromatography (SEC) that all polymers 6a-d were not free of cyclodextrin, and about 5% (w/w) of RAMEB still remained in the polymers. It was shown that in these cases the polymerization ends up with higher molecular weights than the polymerization of the uncomplexed monomers in water and also in organic solvent (Tab. 3). The SEC analysis of polymers 6a-d obtained from the complexed monomers 5a-d at 60°C showed a multimodal SEC curve. The polydispersities (M w /M n ) of polymers 6a-d obtained from free radical polymerization of 5a-d were higher than those of polymers obtained from uncomplexed monomers 3a, 3b, 4a and 4b in organic solvents. For comparison, the uncomplexed monomers 3 and 4 were polymerized in water at room temperature and also in an organic solvent, e.g., tetrahydrofuran (THF) or DMF (Tab. 3). Thus, the polymerization of a suspension of the uncomplexed monomers 3a, 3b, 4a and 4b in aqueous medium at room temperature (20 -21°C) leads to polymers 6a-d, which showed monomodal SEC curves. However, the molecular weights of the resulting polymers were lower in comparison to those obtained for polymers produced from the complexed monomers 5a-d at 60°C. As a model study, the uncomplexed monomers 3 and 4 were also polymerized in homogeneous organic solution (THF, DMF) using 2,2'-azoisobutyronitrile (AIBN) as initiator. The polymers 6a-d were isolated in 50 -80% yield. The average M w of polymers 6a-d obtained from the aqueous phase were about four times higher than those of the corresponding polymers obtained from organic solution.
Conclusions
From the present investigation it can be concluded that forming a complex with β-cyclodextrin derivatives increases the water solubility of the chiral phenolic compounds bearing a methacrylic moiety. Thus we can assume that due to their voluminous structure the monomers form much more stable complexes with cyclodextrin at room temperature in comparison to smaller monomers, e.g., styrene. The cyclodextrin host seems to act as a thermosensitive monomer-guest stabilizer at room temperature. The complexed methacryl-tyrosin monomer can be polymerized radically only at higher temperature. The polymerization of uncomplexed monomers in heterogeneous aqueous medium or in organic solution only leads to polymers with lower molecular weights. This type of optically active polymers may give interesting materials, e.g., for the development of chiral chromatographic columns [20] [21] [22] .
Experimental part
Materials and measurements
All chemicals were obtained from Fluka and used without further purification. All solvents of p.a. quality were stored over molecular sieves of 3 or 4 Å. Technical solvents were distilled before use. Technical cyclodextrin (RAMEB, CAVASOL W7 M PHARMA, degree of methylation 1.8) was purchased from Wacker, and Heptakis (2,6-di-O-methyl)-ß-cyclodextrin (DIMEB) was purchased from Cyclolabs R&Lab. LTD., Budapest, Hungary.
Silica gel with 30 -60 µm particle size (Baker) was used for flash chromatography. Melting points were measured on a Büchi melting point apparatus. All melting points are uncorrected.
1
H NMR spectra were recorded with Bruker AC200, AM400, and Varian VXR-300, and 2D spectra with a Bruker DRX-600 at room temperature. IR spectra were run on a Nicolet 5SXB or a 5DXC FTIR spectrophotometer. The rotation angles (α) were measured with a Perkin-Elmer 241 Polarimeter (Hg 578 and 546 nm). Elemental analysis was carried out in the Microanalytical Laboratory of the Institute of Organic Chemistry, University of Mainz. SEC analysis were performed with a setup of the PSS company, using N,N-dimethylformamide (DMF) containing 0.1% LiBr as eluent at 75°C. 100 µl were injected on the column arrangement of PSS: HEMA 10 µ, 40, 100, and 3000 Å porosity. A TSP UV-Vis detector and a Shodex differential refractometer RI 71 were used as detectors. The data were evaluated with PSS-WinGPC 6.1 software. X-ray structure analyses were conducted on a SMART CCD Bruker AXS (Mo-K α ) or a Turbo Cad4 Enraf Nonius Diffractometer (Cu-K α ).
Synthesis of N-methacryloyl-L-tyrosine derivatives
The general procedure for the synthesis of the methyl and ethyl esters of L-tyrosine is given in all cases for the methyl ester as an example: To a suspension of 2.78 g (12.0 mmol) L-tyrosine methyl ester hydrochloride (1a) in 60 ml of absolute methylene chloride, 4.05 g (40.0 mmol) of triethylamine and 2.87 g (26.4 mmol) of trimethylchlorosilane were added at 0 °C. After 2 h, 1.27 g (12.0 mmol) of methacryloyl chloride (2) in 10 ml absolute methylene chloride was added and the mixture was stirred at room temperature for 20 h. The mixture was dissolved in 150 ml of methylene chloride and extracted with 100 ml of water. The resulting organic phase was washed with 100 ml of 2 M hydrochloric acid and 200 ml of water and dried over magnesium sulfate. The methylene chloride solution was evaporated. The crude product was purified by chromatography using CHCl 3 /acetone 10:1. (6) .
Acetylation of N-methacryloyl-L-tyrosine derivatives
2.00 g (7.6 mmol) of 3a and 0.77 g (7.6 mmol) of triethylamine were dissolved in 80 ml of absolute methylene chloride. 0.6 g (7.6 mmol) of acetyl chloride was added dropwise to the solution at 0°C. The clear solution was stirred at room temperature for 3 days. The solution was washed with 100 ml of 2 M hydrochloric acid. The organic phase was separated, washed with water and dried over magnesium sulfate. Methylene chloride was removed by evaporation. The slightly yellow product was crystallized in a refrigerator. The crude product was pure enough for further use. An analytical sample was purified by chromatography with CHCl 3 /acetone (10:1 v/v) for further evaluation. 
O-Acety-N-methacrylol-L-tyrosine
Synthesis of the guest-host complexes 5a-d
The general synthesis of host-guest complexes of L-tyrosine compounds is demonstrated in all cases for the RAMEB complex 5c as an example.
3.8 mmol of monomers 4a and 3.9 mmol of RAMEB were stirred in 25 ml methanol. The solvent was evaporated after 2 h and the water-soluble solid complex was dried in vacuum. Yield: 100% of the complex in all cases.
The NMR measurement in D 2 O was carried out using heptakis(2,6-di-O-methyl)-ß-cyclodextrin (DIMEB). 
